To gain a better understanding of the pathological role of interferon-y (IFN-y) in specific granuloma formation, IFN-y gene-deficient mice (BALB/c and C57BL/6) were produced. The IFN-y gene in embryonic stem (ES) cells was disrupted by inserting the P-galactosidase gene (IacZ) and the neomycin resistance gene ( m u ) at the translation initiation site in exon 1 by homologous recombination. Six-week-old IFN-y-deficient and wild-type mice were inoculated with lo3 -10' bacilli of various strains of Mycobacteriurn tuberculosis (Kurono, H37Rv, H37Ra and BCG Pasteur) through their tail veins. The mice were examined 7 weeks later for granuloma formation. The avirulent BCG Pasteur and H37Ra strains (lo3-lo4 bacilli/ml) induced granulomas in the spleen, liver and lungs of IFN-y-deficient mice. The granulomas consisted of epithelioid macrophages and Langhans multinucleate giant cells, but lacked caseous necrosis. The virulent Kurono and H37Rv strains induced disseminated abscesses but not granulomas in various organs of IFN-y-deficient mice and Mac-3-positive macrophages were not detected in the abscess lesions. These results suggest that IFN-y may be primarily responsible for macrophage activation and that other factor(s) may be involved in the granuloma formation mechanism.
Introduction
Interferon-y (IFN-y), a cytokine secreted by activated T cells and natural killer cells, has immunomodulatory effects on several cell types [l] . IFN-y is one of the major cytokines responsible for the activation of macrophages that mediate non-specific, cell-mediated host defence [2, 31 . Experiments with neutralising antibodies to IFN-y have shown a requirement in vivo for IFN-y in the activation of murine macrophages for microbicidal activity and in the induction of major histocompatibility complex (MHC) class I1 antigen on the surface of murine macrophages [4] . IFN-y has been shown to be an important mediator of macrophage activation in controlling a number of intracellular pathogens, including Leishmania majoc Leish. donovani and Listeria monocytogenes [5-71. It is of interest to analyse the mechanism of specific ~ ~~ granuloma formation induced by Mycobacterium tuberculosis, M. Zeprae and other mycobacteria from the pathological and therapeutic points of view. It is important to prevent progression to granuloma which results in organ deformity -to be able to treat inflammatory diseases without granuloma formation would be ideal. Abundant IFN-y mRNA has been found in pleural tissues from patients with tuberculous pleuritis and in the lesions of the self-healing form of leprosy [8, 9] . Thus, it is reasonable to speculate that there is a close association between IFN-y and granuloma formation.
To gain a better understanding of the pathological role of IFN-y in mycobacterial granulomas, mice that fail to produce IFN-y because of a targeted disruption of the gene encoding IFN-y were developed [ 10, 1 11 . Although the critical role of endogenous IFN-y in macrophage fusion, cell recruitment and granuloma assembly was identified, other factor(s) may be involved in granuloma formation, because avirulent M. tuberculosis strains still induced typical granulomas in IFN-y gene-deficient mice.
Materials and methods Immunohistochemistry
Immunohistochemistry was performed with the avidinbiotin complex (ABC) peroxidase (PO) as described in detail previously [ 
Mice
Interferon-y gene-disrupted mice were generated as described previously [ 
Bacterial strains and mouse infections
The experimental procedures were in accordance with the ARVO resolution on the use of animals in research. Permission (no. 972) to experiment on animals was given by the Animal Experiment Committee in the Research Institute of Tuberculosis. Four strains of M. tuberculosis (Kurono, H37Rv, H37Ra and BCG Pasteur) were grown in 7H9 medium (Difco) to mid-log phase. Wild-type BALB/c and C57BL/6 mice were age-matched (6-weeks-old) and sex-matched to IFN-y gene-deficient BALB/c and C57BL/6 mice. Each mouse in the experimental groups (consisting of 20 mice) was infected intravenously through the lateral tail vein with an inoculum of lo3-lo7 M. tuberculosis bacilli suspended in 0.1 ml of PBS and was killed 7 weeks later for morphological and molecular biological analysis. Animals were observed for 7 weeks because preliminary experiments had shown that this period was sufficient to allow granulomas to develop.
Histological analysis
Sections (4 pm) from paraffin blocks containing formalin 10%-fixed lung, liver, kidney and spleen were stained with haematoxylin and eosin and by the ZiehlNeelsen method for acid-fast bacilli (AFB). For polymerase chain reaction (PCR) analysis, the spleen and lung were sliced and fixed with periodate-po1y-Llysine-paraformaldehyde (PLP) 1% solution for 3 h. For transmission electron microscopy, spleen, lung and liver were fixed with glutaraldehyde for 6 h and were post-fixed with osmium tetroxide 1% for 15 min.
DNA preparation and PCR
DNA from the spleen, liver and lungs was purified as described previously [ 151.
Primers corresponding to portions of the M. tuberculosis IS61 10 and 19-kDa antigen DNA sequences were synthesised on a 38 1A DNA synthesiser (Applied Biosystems, Foster City, CA, USA). The amplification reaction mixture (50 pl total volume) contained 5 pl of template DNA, as recommended by the Taq polymerase supplier (Perkin-Elmer Cetus, Nonvalk, CT, USA). The samples were amplified through 30 cycles in a programmable thermal cycler (PerkinElmer Cetus) with a three-step cycle of denaturation for 1.5 min at 94"C, annealing for 1.75 min at 60°C and extension for 2.5 min at 72°C. The amplification products (314 and 245 bp) were analysed by electrophoresis through an agarose 2.0% gel with a Trisborate-EDTA buffer system and were visualised by ethidium bromide fluorescence [ 16, 171.
Cytokine assay
The InterTest-y Mouse IFN-y ELISA kit (Genzyme Corporation, Cambridge, MA, USA) was used to quantify IFN-y levels in mouse serum. It is a solidphase ELISA employing a 96-well microtitration plate pre-coated with anti-mouse IFN-y antibody to capture IFN-y present in test samples. A standard curve was obtained by plotting the concentrations of mouse IFN-y standards versus absorbance. The mouse IFN-y concentrations in the experimental samples were then determined from the standard curve. The detection limit of this assay was determined to be 5 pg/ml after statistical analysis of ELISA results.
Results

H i s to logy of infections
Mice were killed 7 weeks after being infected and formalin-fixed sections were stained with haematoxylin and eosin and by the Ziehl-Neelsen method. Previous studies had demonstrated that 7 weeks was sufficient time for granulomatous lesions to develop in wild-type BALB/c and C57BL/6 mice after injection of lo5 deficient BALB/c and C57BL/6 mice, conspicuous granulomas were induced in the spleen, liver and lungs (Fig. 2) . The granulomas consisted of epithelioid cells, Langhans-type multinucleate giant cells and lymphocytes. Central necrosis was not found. Caseous necrosis was not found even 6 months after the mice were infected. Central necrosis was surrounded by epithelioid macrophages and connective tissues (data not shown). When the virulent H37Rv and Kurono strains (lo6 bacilli) were injected into the IFN-y gene-disrupted mice, they induced only disseminated inflammation, mainly abscesses, in major organs including lung, liver, spleen, kidney and heart without forming granulomas (Fig. 2) .
Macrophages and epithelioid cells were not recognised near the abscess lesions. The abscess lesions displayed central necrosis, neutrophils and cell debris. ZiehlNeelsen staining revealed a massive halo of tubercle bacilli surrounding the abscess lesions (Fig. 2E) . There was no difference in resistance to mycobacterial strains between the BALB/c and C57BL/6 mice strains; they were both susceptible to M. tuberculosis infection.
Similar pathology was observed by electron microscopy. Discrete granuloma formation was noted in wild-type mice infected with virulent M. tuberculosis. Granulomas mainly consisting of epithelioid cells were not conspicuous in IFN-y gene-deficient mice infected with virulent M. tuberculosis strains (Fig. 3) . The granulomas induced by avirulent M. tuberculosis strains consisted of epithelioid cells and Langhans multinucleate giant cells (Fig. 3) . Both possessed obvious vacuoles, a few of which contained bacterial remnants .
Immunohistochemically, BCG antigens were present in epithelioid cells and Langhans multinucleate giant cells. The granulomatous lesions were immunostained by the anti-Mac-3 murine MAb; in fact, the epithelioid and Langhans multinucleate giant cells were intensely immunostained. There were no Mac-3-positive macrophages around the abscess lesions (Fig. 4) . 
PCR analysis
M. tuberculosis-specific 19-kDa antigen gene fragments and IS61 10-related DNA fragments were detected by PCR analysis in spleen, liver and lungs of the wild-type and IFN-y gene-deficient mice infected with virulent and avirulent mycobacterial strains. Fig. 5 shows that the 19-kDa antigen gene-specific PCR products (3 14 bp) were recognised in the infected spleen tissues.
Cytokine assay
IFN-y was measured in serum samples from wild-type and IFN-y gene-disrupted mice infected with BCG Pasteur by a solid-phase ELISA. IFN-y was not detected in sera from BALB/c and C57BL/6 IFN-y gene-deficient mice infected with BCG Pasteur, whereas the IFN-y concentrations of sera from wildtype BALB/c and C57BL/6 mice infected with BCG Pasteur were 6000 SD 150 and 7000 SD 230 pg/ml, respectively.
Discussion
In this study virulent M. tuberculosis strains induced disseminated inflammation in various organs of IFN-y gene-disrupted mice, but avirulent M. tuberculosis strains induced typical granulomas in the major organs of these mice. Multinucleate giant cells simulating Langhans type giant cells were frequently observed. The appearance of these giant cells may be characteristic of granulomas induced in IFN-y knockout mice, because no multinucleate giant cells were seen in other murine granulomas. Although BCG Pasteur-infected IFN-y knockout mice were observed for 6 months, caseous necrosis was not observed although mild central necrosis was sometimes recognised. There was no evidence of macrophages surviving in the abscess lesions at a time when bacterial loads reached very high levels [18] . This finding was confirmed by the absence of Mac-3-positive macrophages in or near the abscess lesions. These data demonstrate that mice lacking a functional gene for IFN-y are unable to contain and control a virulent M. tuberculosis infection. No IFN-y was detected in sera of IFN-y gene-deficient mice infected with M. tuberculosis strains as evaluated by ELISA.
Studies of this mouse model may have relevance to tuberculosis in AIDS patients and elderly people [19] . As CD4 function declines in HIV infection, IFN-y production by helper T cells is reduced [20] . The pattern of M. tuberculosis infection in AIDS patients is frequently more diffuse than that seen in classical tuberculosis, but is characterised by extensive tissue necrosis. A similar pattern was induced in CD4 genedisrupted mice (data not shown). A similar pattern of infection is also recognised in elderly patients with tuberculosis who are immunocompromised. There are some striking similarities in the pattern of infection in these IFN-y gene knockout mice; greater bacterial growth and dissemination and greater necrosis, particularly of liver and spleen, are observed, which is relative to the infection in wild-type mice. The present data also imply that IFN-y serum concentrations would be reduced in patients with advanced tuberculosis. An earlier study measured reduced IFN-y concentrations in the sera of such patients [21] . This mouse model may provide a useful model for studying tuberculosis in immunocompromised patients.
Evidence for a low state of activation of macrophages harvested from IFN-y gene-disrupted mice infected with M. bovis BCG has been reported previously [22] .
In the present study lo7 BCG Pasteur were injected into the IFN-y knockout mice via a tail vein and these mice did not die. The major difference between these studies is that in the knockout mice in the present study, exon 1 was disrupted, whereas exon 2 was disrupted in the earlier study of IFN-y knockout mice. The BCG Pasteur strain used by Dalton et al. may differ in virulence from the BCG Pasteur in the present study. It is necessary to compare the BCG strains with each other to elucidate this factor. It is known that macrophages in a low state of activation have low levels of class I1 MHC molecules. Therefore, they are incapable of controlling the proliferation of virulent M. tuberculosis, but they can partially control avirulent M. tuberculosis.
Data from the present study also suggest that cytokines other than IFN-y can mediate the initiation of granuloma formation; however, as avirulent M. tuberculosis is able to induce typical granulomas in the absence of IFN-y, it is safe to say that IFN-y may be primarily involved in macrophage activation. Kindler et al. found that a neutralising antibody to TNF disrupted the architecture of granulomas and increased bacterial numbers in mice infected with an avirulent BCG strain of M. bovis [23] . Amiri et al. observed that administration of TNF restored the granulomatous response to Schistosoma eggs in SCID mice [24] . Thus, it is reasonable to say that TNF contributes to the formation of granulomas, and that IFN-y appears to be essential for successful macrophage fbsion, cell recruitment and granuloma formation. Macrophages secrete IL-la and /3. ' IL-1 may be essential for granuloma formation, because in a preliminary experiment granulomas were not seen in IL-1 gene-deficient mice infected with BCG Pasteur.
It will be possible to clarify the roles of TNF and IL-1 in granuloma formation in further studies with TNF and IL-1 gene-disrupted mice strains that were established recently. The IFN-y knockout mouse may prove useful for evaluating and testing new strategies of immunotherapy and chemotherapy for tuberculosis and other intracellular infections.
